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Helicases are molecular motors that move along and remodel DNA, RNA, and associated protein 
complexes. Helicases are often directional. By analyzing crystal structures in complexes with RNA 
and ATP analogs, Thomsen and Berger (2009) now elucidate the molecular basis for unidirectional 
motion by the hexameric RNA helicase Rho.Most of nature’s nanomachines, known 
collectively as motor proteins, skitter and 
step along molecular tracks such as pro-
tein filaments or strands of RNA. These 
machines usually consume nucleotide 
triphosphates (NTPs, usually ATP) as a 
form of fuel, resulting in conformational 
changes that catalyze molecular motion. 
One of the most remarkable characteris-
tics of these motors is that they are often 
highly directional. The molecular basis 
for directional motion has been a major 
preoccupation for those of us who study 
“helicase” and “translocase” enzymes 
(Enemark and Joshua-Tor, 2008), which 
are motor proteins that travel along RNA 
or DNA polymers, often remodeling the 
structures encountered along their way 
(Pyle, 2008; Singleton et al., 2007). Crystal-
lographic studies have revealed the molec-
ular architecture of many helicase proteins 
and their interactions with DNA and RNA 
strands, but vexing questions remain: 
What is the physical basis for directional 
motion by proteins that transit along DNA 
and RNA? How can two helicase enzymes 
that look similar and contain the same 
basic parts move in opposite directions 
along an RNA or DNA strand? Answers to 
these questions have come from recent 
crystallographic investigations into the 
dynamic structural states of several heli-
case families (Enemark and Joshua-Tor, 
2006; Lee and Yang, 2006; Saikrishnan et 
al., 2009; Singleton et al., 2000, 2004; Toth 
et al., 2003). In this issue of Cell, studies 
of the hexameric Rho helicase provide a 
structural explanation for unidirectional 
motion by a specific class of ring-shaped 
helicases that move along single strands 
of RNA (Thomsen and Berger, 2009).
Nucleic acids have a defined polar-
ity (5′→3′) that is imposed by the inher-
ent asymmetry of the sugar-phosphate 458 Cell 139, October 30, 2009 ©2009 Elsebackbone. One might expect that heli-
cases traveling toward the 3′ end would 
face one direction and helicases that 
travel toward the 5′ end would face the 
opposite direction. But studies of SF1 
helicases, which can travel along single-
stranded DNA as monomers, showed 
that this is not necessarily the case 
(Saikrishnan et al., 2009; Singleton et 
al., 2004). Nature does not turn the car 
Figure 1. Helicases on the Move
The hexameric Rho RNA helicase (left) moves in 
a direction opposite to that of the E1 DNA heli-
case (right), despite the fact that both helicases 
are oriented in a similar fashion along the nucleic 
acid strand. There are striking similarities in the 
way these helicases move: both helicases are 
rings that encircle a single strand, pulling on sugar 
groups with tiny loops that project from the center 
of each ring. Each helicase also appears to grasp 
the strand most tightly with the subunit that is 
closest to the direction of travel.vier Inc.around in order to send it into reverse; 
instead it changes gears on the car. The 
SF1 enzymes RecB and RecD travel 
in opposite directions, despite strong 
structural similarities and despite the 
fact that their constituent domains face 
in the same direction along the polar 
DNA strand (Saikrishnan et al., 2009; 
Singleton et al., 2004). Recent studies 
of the SF1 RecD2 protein suggest that 
the direction of translocation depends 
on the relative “grip-strength” of two 
domains that hang onto the DNA. For 
helicase PcrA that travels 3′→5′, domain 
2A grips more tightly at the beginning of 
the catalytic cycle; for helicase RecD2 
that travels 5′→3′, domain 1A grips more 
tightly, thereby reversing directionality of 
motion (Saikrishnan et al., 2009). Similar 
concepts, such as the relative binding 
orientation of the protein and directional 
grip-strength, are also important in the 
case of larger helicase assemblies, 
such as the hexameric ring helicases 
studied in the laboratories of Berger 
and Joshua-Tor (Enemark and Joshua-
Tor, 2006; Thomsen and Berger, 2009), 
although in these cases, there are addi-
tional features that help to propel the 
ring helicases in particular directions.
But first, it is useful to provide an 
overview of Rho and its ternary struc-
tures with RNA and ATP analogs. Rho 
is a translocase enzyme that is impor-
tant for controlling the termination of 
transcription in bacteria. In the pres-
ence of ATP, Rho travels in the 5′→3′ 
direction along single-stranded RNA, 
displacing objects in its path such as 
base-paired RNA strands (hence the 
term “helicase”) or bound proteins 
(“RNPase activity”), which may include 
the polymerase. Rho is a hexameric 
ring composed of six proteins that 
adopt the “RecA fold,” which is an 
ancient protein building block named 
after the DNA replication protein RecA 
(Enemark and Joshua-Tor, 2008; Thom-
sen and Berger, 2009). Many diverse 
cellular motors are built from this basic 
RecA-fold module, including unidirec-
tional helicases, rotary pumps, and 
clocks. In the case of Rho, the hexa-
meric ring encircles a single strand of 
RNA, which threads down the middle 
like a bolt through a nut (Thomsen and 
Berger, 2009; Figure 1). The structure 
indicates that ATP analogs (in the form 
of adenosine diphosphate-berylium 
trifluoride, or ADP•BeF3) bind at the 
interfaces between the protein sub-
units, interacting with highly conserved 
amino acids that catalyze ATP hydro-
lysis. But to understand the structure, 
and to understand its motion, it is 
important to realize that the hexamer 
is not flat: it is slightly distorted and 
tilted with respect to the RNA axis. 
As it travels along the RNA strand, the 
subunit that grips RNA and ATP the 
tightest (e.g., is most representative of 
the transition state for ATP hydrolysis 
and its coupling with translocation on 
RNA) is located closest to the 3′ end 
of the RNA. This suggests that, as Rho 
travels 5′→3′ along the RNA strand, it 
grabs RNA in the front, clasping with 
the subunit that leads the direction of 
travel (each subunit may get the oppor-
tunity to lead as Rho undulates along 
the strand). A set of hooks that project 
into the central hole may further enforce 
directionality. These little barbs appear 
to wrap around the RNA phosphates 
and, in conformational changes coor-
dinated with ATP hydrolysis, to pull the 
phosphates and sugars through the ring 
in a manner that drives Rho toward the 
3′ end of the strand. Thus, as it slides 
along the strand, Rho grips with its for-
ward edge, pulling on knobs of the RNA 
and gliding in a directional manner.The mechanism of Rho directional 
movement suggested by the Thomsen 
and Berger structure raises a question: 
Is it possible to redesign Rho to travel in 
the opposite direction, and if so, how? 
By analogy with the SF1 helicases, 
might it be possible to retain the rela-
tive orientation of the motor on the track 
but reverse the directional engage-
ment of engine parts (Saikrishnan et al., 
2009; Singleton et al., 2004, 2007)? The 
answer appears to be yes, based on 
earlier crystallographic investigations 
of the hexameric E1 helicase (Enemark 
and Joshua-Tor, 2006), which moves in 
the opposite direction (Figure 1). E1 is 
required for the initiation of replication 
by papillomaviruses and it belongs to 
the AAA+ class of helicases. Although 
there are structural differences between 
the subunits of E1 and Rho, there are 
strong similarities in the active site that 
binds and hydrolyzes ATP and simi-
larities in overall form (Enemark and 
Joshua-Tor, 2008). E1 is an asymmetric, 
hexameric ring that encircles a single 
strand of DNA and travels from 3′→5′ 
along the lattice (Enemark and Joshua-
Tor, 2006). Like Rho, E1 appears to 
tightly grip DNA and ATP near the lead-
ing edge of the ring, which in this case is 
pointed toward the 5′ end of the strand. 
And like Rho, E1 projects a staircase of 
loops into the center of the ring, which 
hook around individual phosphates (in 
a manner opposite to that of Rho) and 
pull them through the ring in an action 
that is coordinated with ATP hydrolysis 
(Enemark and Joshua-Tor, 2006). Thus, 
using a somewhat different scaffold, 
nature utilizes similar strategies to pro-
pel objects through space: directional-
ity of grip and asymmetric, ATP-coor-
dinated engagement with projections 
from a lattice.
Although all of these crystallographic 
studies are consistent with years of 
biochemistry on their respective pro-Cell 139teins, and they are strongly suggestive 
of dynamic models, it is important to 
remember that they represent snap-
shots from which mechanisms for 
molecular motion are inferred. Direct 
experimentation on helicase motion 
has never been more important, or 
more informative given new single-mol-
ecule and rapid kinetics techniques for 
directly monitoring motor function. The 
remarkable collection of ternary heli-
case structures that include Rho, E1, 
RecD2, and UvrD provides a detailed 
map of functional interactions that can 
be tested and studied for their influence 
on mechanical function (Enemark and 
Joshua-Tor, 2006; Lee and Yang, 2006; 
Saikrishnan et al., 2009; Thomsen and 
Berger, 2009). Taken together, these 
studies illuminate the dynamic world 
of cellular function and may, perhaps, 
lead to the design of nanomachines 
that nature never envisioned.
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